As an interpretation of the 750 GeV diphoton excesses recently reported by both ATLAS and CMS collaborations, we consider a simple extension of the Standard Model with a Dirac fermion dark matter where a singlet complex scalar field mediates between dark matter and SM particles via effective couplings to SM gauge bosons and/or Higgs-portal. In this model, we can accommodate the diphoton events through the direct and/or cascade decays of pseudo-scalar and real scalar partners of the complex scalar field. We show that mono-jet searches and gamma-ray observations are complementary in constraining the region where the width of the diphoton resonance can be enhanced due to the couplings of the resonance to dark matter and the correct relic density is obtained. In the case of cascade decay of the resonance, the effective couplings of singlet scalars can be smaller, but the model is still testable by the future discrimination between single photon and photon-jet at the LHC as well as the gamma-ray searches for the cascade annihilation of dark matter. *
Introduction
Recently there have been tantalizing hints for new physics from the diphoton excesses at about 750 GeV with local significances of 3.9σ and 2.6σ, that have been observed in LHC Run 1 data at 13 TeV by both ATLAS and CMS collaborations [1] , respectively. After Moriond 2016 conference, the results are updated with 8 TeV data included in the analysis [2] , leading to higher significances, in particular, to 3.4σ in the case of CMS. ATLAS favors a wide width of the resonance about 45 GeV, but the significance changes only by 0.3σ as compared to the case with narrow width. Furthermore, CMS prefers a narrow width in their best fit result. The production cross section required for explaining the diphoton excesses is about 6 fb, although the result depends on the assumption of the resonance width [3, 4] . The production cross section for the diphoton resonance appears relatively large for given collider bounds from other related LHC searches [3] . The typical interpretation of diphoton excesses with a new scalar resonance calls for extra vector-like fermions with sizable Yukawa couplings to the resonance [3, 5] . In the case of a spin-2 resonance such as Kaluza-Klein graviton, a nontrivial positioning of SM particles in extra dimensions is necessary to satisfy strong bounds from electroweak precision data and dilepton and dijet searches [6, 7] . Unitarity arguments on the resonance might imply the coexistence of scalar and extra resonances of higher spin in QCD-like theories or gravity duals in extra dimensions [8] .
At the moment, we don't have enough information to tell about the properties of the resonance such as width and spin/parity, but we will be able to know them from LHC Run 2 data at 13 TeV. In the mean time, it would be interesting to entertain the possibility of a sizable width scenario that can be consistent with the diphoton excesses and other experimental bounds. If the invisible decay mode of the resonance, which is less constrained, is responsible for a large width of the resonance, there is an interesting possibility that the resonance plays a role of mediator between the SM and dark matter [6, 9] . On the other hand, there is a plausible option to explain the diphoton excesses with collimated photons, the so called photon-jets, which come from a cascade decay of the resonance into a pair of light mediators, each of them decaying into a pair of photons [10] . In this case, the width of the resonance can be increased by a renormalizable coupling between the resonance and the light mediator.
In this article, we consider a simple extension of the SM with a complex singlet scalar field that couples to both the SM and Dirac fermion dark matter in the presence of an approximate U (1) global symmetry. A soft breaking of the global symmetry induces a nonzero mass for the would-be Goldstone boson or pseudo-scalar, so the model is consistent with phenomenological bounds. We introduce effective couplings of real-scalar and pseudoscalar of the complex scalar field to the SM gauge bosons as a consequence of integrating out new vector-like fermions and the real-scalar can also couple to the SM particles just like the SM Higgs via Higgs-portal. The U (1) invariant couplings of the complex scalar field to vector-like fermions fix the ratio of effective couplings of real-scalar and pseudo-scalar in our model.
We identify the real-scalar and/or pseudo-scalar as the diphoton resonance in our model and consider the possibilities of explaining the diphoton excesses in terms of the direct and/or cascade decays of the resonance. In each case, we impose the collider bounds such as mono-jet and di-jet bounds as well as indirect bounds from gamma-ray and antiproton searches for dark matter. As illustrated from benchmark models that satisfy all the phenomenological constraints, we show that there is an interesting interplay between mono-jet and gamma-ray searches in the case of direct decay whereas those bounds can be weakened in the case of cascade decay due to smaller effective couplings of the singlet scalars. In the latter case, the discrimination between single photon and photon-jet in the LHC Run 2 would become more important. On the side of cosmic data, the same coupling responsible for the cascade decay of the resonance leads to the cascade annihilation of dark matter into multiple photons leading to interesting signatures such as gamma-ray box. This paper is organized as follows. We begin with a description for the interactions of singlet scalars in our model and present the necessary formulas for the partial decay rates. Then, we discuss the diphoton conditions in the cases of direct and/or cascade decays of the singlet scalar(s) and constrain the parameter space of effective couplings of the resonances. Next we consider the annihilation of dark matter with the singlet scalar mediators in each scenario of the diphoton interpretation and show how collider and cosmic data can be used to constrain the models. There is an appendix containing the scalar potential and scalar self-interactions in our model. Finally, conclusions are drawn.
The model
We consider a complex singlet scalar S and a Dirac fermion dark matter χ, that transform under a U (1) global symmetry as S → e −2iα S and χ → e iγ 5 α χ, respectively. Expanding the complex scalar S around a VEV as in the appendix and integrating out vector-like fermions [11, 12, 13] , we obtain the following effective Lagrangian for a singlet pseudo-scalar a, two CP-even scalars, Higgs-like h 1 and singlet-like h 2 , and dark matter,
where L scalar is the interaction Lagrangian for scalars only given in eq. (A.7) and L D5 contains the dimension-5 interactions of singlet scalars to gauge fields, given by
with the dual field strength tensor beingF µν ≡ 1 2 µνρσ F ρσ , etc, and c i , d i ,d i (i = 1, 2, 3) being effective couplings induced by vector-like fermions. We note that when vector-like fermion have the same global charges as for dark matter [11] , in the decoupling limit of vector-like fermions, the effective couplings are related by d i = 4 3 c i (i = 1, 2, 3). Then, singlet scalars communicate between dark matter and the SM particles, via effective gauge couplings and Higgs-portal. Similar models [11, 14, 12] have been considered in light of the Fermi-LAT gamma-ray line, satisfying various bounds from indirect and direct detections as well as collider experiments. The interplay between dark matter detection and collider experiments in the cases with vector [12] or tensor [17] mediators have been also discussed in the previous works.
In our model, the U (1) global symmetry is broken to a Z 2 discrete symmetry, which ensures the stability of dark matter fermion. Any global charges are vulnerable to quantum gravity effects 1 , but the violation of a global symmetry could be ensured at sufficiently higher orders of effective interactions in the presence of extra discrete gauge symmetries [16] . We assume that this is the case without changing the low-energy phenomenology.
In the basis of physical gauge bosons, the loop-induced couplings in eq. (2) can be rewritten as 3 Diphoton resonance at the LHC 
Diphotons from direct decay
The resonance production cross section of scalar particle(s) X via gluon fusion followed by its diphoton decay at the LHC is given [3] by
where the gluon luminosity is given by C gg = 2137 for s = (13 TeV) 2 and the K-factor is given by K gg = 1.5. In the case with resonances from pseudo-scalar a and/or real scalar s, we have X = a and/or s.
When there is only one resonance due to either pseudo-scalar or real scalar, i.e., X = a or s, the diphoton production cross section leads to
For X = a, from eqs. (11) and (12), we get the condition on the effective couplings of the resonance as
The gg and γγ modes only do not tend to give rise to a wide width due to di-jet bound, unless the photon coupling to the resonance is large. Therefore, if the wide width of the Figure 2: Parameter space of c γγ and c gg for the diphoton resonance, from the decay of the pseudo-scalar. We have taken c 2 = 0, c 1 = 0 and c 3 = 0 in the unbroken phase. The region explaining the diphoton resonance at 750 GeV for σ(pp → γγ) = 6 ± 3 fb is shown in blue strip. The regions excluded by mono-jet and di-jet limits from LHC 8 TeV are shown in pink (less dark) and gray (dark), respectively. The invisible decay width of the pseudo-scalar is chosen to Γ inv = 0, 1 GeV in the left-most and middle plots, respectively, and the total decay rate is Γ tot = 45 GeV in the right-most plot. The case with real-scalar resonance is similar.
resonance is necessary, one has to rely on other decay modes of the resonance, such as the invisible decay mode into a pair of dark matter particles. In Fig. 2 , we depict the parameter space for the effective gluon and photon couplings of the pseudo-scalar field, explaining the diphoton excess and satisfying the di-jet bound as well as the mono-jet bound in the presence of the invisible decay mode. We have set c 2 = 0 and the diphoton production cross section of σ(pp → γγ) = 6 ± 3 fb is imposed. As we increase the invisible decay rate, the mono-jet bound becomes more sensitive to rule out a sizable gluon coupling.
For X = h 2 , there is a similar condition for the diphoton resonance, with c gg , c γγ being replaced by d gg , d γγ , respectively, so there are similar limits from mono-jet and di-jet searches as those obtained for the pseudo-scalar resonance in the later discussion.
When there are two resonances with m a ≈ m 2 ≈ 750 GeV, namely, X = a and h 2 , two singlet scalars contribute to the diphoton excesses, with the diphoton production cross section being constrained by
Then, from eqs. (11), (12), (17) and (18), the effective couplings of the resonances are constrained to
In the decoupling limit of vector-like fermions that have the same global charges as dark matter, we get d gg = 4 3 c gg and d γγ = 4 3 c γγ again so the above condition becomes
In this case, the required values for the effective couplings of the pseudo-scalar can be weaker than the case with pseudo-scalar resonance only. When scalars decay only into a pair of SM gauge bosons, the left-hand side in eq. (29) becomes √ 2|c gg ·c γγ |, so the required effective couplings are reduced accordingly. (26) with σ(pp → γγ) = 6 fb leads to c γγ = 0.0142, 0.103, 0.0130, in the order of models. We have taken c 2 = 0, c 1 = 0 and c 3 = 0 in the unbroken phase. For all models, we have taken m a = 750 GeV and the current collider bounds are fullfilled. These benchmark models will be used for dark matter discussion in Table 4 in Section 4.
We remark on the important collider bounds on the model from the LHC. First, the mono-jet bound from CMS 8 TeV [22] is given by σ(pp → X → χχ) < 0.8 pb (30) which is translated to the bound on the ratio of the partial decays at LHC 13 TeV,
where r is the parton luminosity ratio given by r = (C gg /s) 13 TeV /(C gg /s) 8 TeV 4.7. Then, for r = 4.7 and σ(pp → γγ) = 6 fb, the mono-jet bound constrains the dark matter coupling to the resonance as λ
For Λ = 3 TeV and m a = 750 GeV, we get
For |c γγ | = O(1), the mono-jet bound does not constrain the dark matter coupling much, but the case is strongly limited by indirect detection such as Fermi-LAT gamma-ray searches as will be discussed in the next section. Table 2 : Decay branching fractions and total decay rate of real-scalar resonance. Benchmark models are Model A :
The diphoton condition (26) for σ(pp → γγ) = 6 fb with c gg , c γγ being replaced by d gg , d γγ , respectively, leads to d γγ = 0.0134, 0.0130, d gg = 0.0165, in the order of models. We have taken c 2 = 0, c 1 = 0 and c 3 = 0 in the unbroken phase. For all models, we have taken m s = 750 GeV and the current collider bounds are fulfilled. These benchmark models will be used for dark matter discussion in Table 5 in Section 5.
Furthermore, the di-jet bound at LHC 8 TeV, σ(pp → X → jj) < 2.5pb [23] , constrains the pseudo-scalar couplings by
Thus, for r = 4.7 and σ(pp → γγ) = 6 fb, the di-jet bound constrains the gluon coupling to the resonance as
When the real scalar is the diphoton resonance, a similar bound on the gluon coupling d gg applies.
In Tables 1 and 2 , we show the branching fractions and total decay rates of the pseudoscalar and real-scalar resonances, respectively, in some benchmark models with dark matter couplings, satisfying the diphoton condition as well as the above current collider bounds.
Diphotons from cascade decay
The ATLAS ECAL is located at r = 1.5 meters from the beam and the CMS ECAL lies at r = 1.3 meters. The cell size of ECAL detectors in CMS and ATLAS is about η = 0.0174 and 0.025 in pseudo-rapidity, respectively. We also note that the first layer of the ATLAS ECAL ranges between 0.003 and 0.006 depending on η. So, if |∆η| between two photons is smaller than the ECAL cell size, two photons would hit the same ECAL cell so they are identified as a single photon in the ECAL detector [10] .
Suppose that diphotons come from the cascade decay of the resonance through light intermediate particles [10] 
the decay length of the Y particle is given by
On the other hand, the pseudo-rapidity separation between a photon pair coming from the decay of the Y particle is given by
For instance, for d r and |∆η| < 0.003, taking E Y = m X /2 with m X = 750 GeV, we need m Y 0.5 GeV. In this case, two photons coming from the decay of each Y are collimated and are considered as a singlet photon in the detector. Then, the resonance production cross section of particle X with cascade decays is
We note that the Y couplings to gauge bosons can be small enough as far as the decay length is smaller than the ECAL radius. Thus, the bounds on a light scalar at the LEP or LHC can be evaded.
In our model, we choose a real scalar resonance of 750 GeV and a light pseudo-scalar having mass m a , namely, X = h 2 and Y = a. In Fig. 3 , we depict the separation of two photons |∆η| and the decay length d for the decay of the pseudo-scalar in the parameter space for the mass and photon coupling of the pseudo-scalar. For a lot of the parameter space, the pseudo-scalar can decay well within the ECAL radius. For instance, for m 2 = 750 GeV and m a = 0.4 GeV, we need the photon coupling to be c γγ > 0.028 for d < 1.5 m. Moreover, the region of the parameter space with c γγ 0.4 shown for the cascade decay in Fig. 3 is consistent with the previous limits from e + e − → γ * /Z ( * ) → aγ with a → 2γ in LEP [24] , in particular, at the Z-peak 2 . But, LHC and future colliders such as FCC-ee would be able to probe the photon coupling c γγ of order 0.01 for sub-GeV masses from the same process [24] .
With the contribution from the direct decay of the resonance into two photons included in our model, the observed diphoton production cross section leads to
In this case, a small gluon coupling is allowed for a sizable partial decay rate of the realscalar into a pair of pseudo-scalars, as far as BR(a → γγ) is sizable. In Fig. 4 , we show the parameter space for c gg vs c γγ by including the cascade decay contribution to the diphoton excess, denoted by the ratio of cascade to direct decay into photons, R ≡ Γ 2 (aa)(BR(a → We have shown benchmark models in star, as will be discussed in Table 3 . In all the plots, the total decay rate of the real scalar, including the invisible decay mode, is fixed to Γ tot = 45 GeV.
γγ)) 2 /Γ 2 (γγ). For BR(a → γγ) = 1, we have taken 3 m a 3m π , namely, m a = 0.4 GeV. Keeping the total width of the real-scalar resonance to Γ s,tot = 45 GeV, we vary the singlet quartic coupling λ S = 0.01, 0.1, 1, from left to right figures in Fig. 4 , and show that the parameter space with cascade decay dominance increases, being compatible with mono-jet and di-jet bounds. In the case with a sizable cascade decay, the gluon coupling is more or less fixed to a small value while there is a little dependence on the photon coupling as far as the photon-jet contribution is dominant.
When the diphoton resonance is dominated by the cascade decay, the condition on the effective couplings of the resonance becomes
where use is made of m 2 = √ 2λ S v s and m a m s /2. In the decoupled vector-like fermions with the same global charges as dark matter, we get d gg = 4 3 c gg , so the above condition becomes These benchmark models will be used for dark matter discussion in Table 6 in Section 6.
The mono-jet bound from CMS 8 TeV for the case with cascade decay is given as follows,
When the cascade decay is dominant, for r = 4.7 and σ(pp → γγ) = 6 fb, we get the mono-jet bound on the dark matter coupling to the resonance as
which becomes, for Λ = 3 TeV and m 2 = 750 GeV,
Here, use is made of m 2 = √ 2λ S v s in the limit of a vanishing Higgs mixing angle.
On the other hand, the di-jet bound at LHC 8 TeV leads to
When the cascade decay is dominant, for r = 4.7 and σ(pp → γγ) = 6 fb, the gluon coupling to the real scalar resonance is constrained by
Therefore, the gluon coupling is much more constrained, as compared to the case with direct decay where |c gg | 15.6|c γγ | is obtained from the di-jet bound.
On the other hand, if the pseudo-scalar is lighter than 3m π ∼ 420 MeV, we get BR(a → γγ) = 1. In this case, there is no extra di-jet from the cascade decays. Then, for r = 4.7, σ(pp → γγ) = 6 fb, Λ = 3 TeV and m 2 = 750 GeV, the dijet bound leads to |d gg | 32 √ λ S .
In the presence of cascade decay of the real scalar, in Table 3 , we show the branching fractions and total decay rate of the pseudo-scalar and real-scalar, respectively, in some benchmark models with dark matter couplings, that satisfy the diphoton condition as well as the above current collider bounds. Here, we have set the scalar masses to m s = 750 GeV and m a = 0.4 GeV below the pion threshold such that BR(a → γγ) = 1, and the effective gauge couplings are taken to d i = 
Dark matter with pseudo-scalar resonance
In this section, we interpret the diphoton resonance by the direct decay of the pseudoscalar in our model, focusing on the pseudo-scalar coupling to a Dirac singlet fermion dark matter. The DM relic density condition, the constraints from indirect detection for dark matter and the mono-jet limits are superimposed.
Dark matter annihilation
When the real scalar is heavy, we can consider the interactions of the pseudo-scalar field only in the Lagrangian (2) . Then, the pseudo-scalar can play a role of mediator between dark matter and the SM [11, 12, 13] . When vector-like fermions are sufficiently heavier than dark matter, we can use the effective interactions for pseudo-scalar resonance in the process of dark matter annihilation as shown in Fig. 5 . In this case, the total annihilation cross section of dark matter is given by (σv rel ) a = i (σv rel ) a,i + (σv rel ) aa with partial annihilation cross sections into a pair of SM gauge bosons being (σv rel ) a,gg = 16λ (σv rel ) a,γγ = 2λ
(σv rel ) a,ZZ = 2λ
where
We note that all the gauge boson channels are s-wave.
For m χ > m a , dark matter can annihilate into a pair of pseudo-scalars. In the limit of non-relativistic dark matter, the corresponding annihilation cross sections for the aa channel becomes Table 1 .
Here, we have also included the real-scalar contribution to the aa channel, for a later use with real and pseudo-scalars in the effective field theory in Section 6. Thus, the aa channel turns out to be p-wave suppressed, so they are not relevant for indirect detection at present. However, the aa channel, if open kinematically, still contributes to the thermal cross section at freeze-out.
Bounds from indirect detections
The cosmic ray flux stemming from the annihilation of a Dirac fermion dark matter into f final states (such as γ-ray, e + , p + , ν, etc) is given by
is the differential cosmic-ray yield per annihilation and the J-factor is the lineof-sight integral through the dark matter distribution integrated over the solid angle ∆Ω, given by
On the other hand, the loop-induced interactions of the pseudo-scalar to gluons lead to the effective interactions between dark matter and gluon fields. Thus, gluons inside nucleons can scatter off with dark matter, leading to recoil energy signals in underground experiments. But, the current dark matter experiments are not sensitive enough to detect the signals. Therefore, henceforth we focus on the indirect detection.
Dark matter annihilation channels, χχ → a → γγ, Zγ, are s-wave and they lead to monochromatic photons at E γ = m χ and
, respectively. Those channels can be constrained by Fermi-LAT [25] and HESS [27] line searches from the galactic center.
Annihilation channels of dark matter into W W, ZZ, gg lead to continuum photons from bremstrahlung or decay and they are constrained by Fermi-diffuse gamma-ray searches from dwarf galaxies [26] . Moreover, dark matter annihilation into a pair of gluons can be constrained by anti-proton data from PAMELA and AMS-02 [28] . Table 4 : Averaged annihilation cross sections (in units of cm 3 /s) at present and relic density for dark matter with pseudo-scalar, except that that the one for the aa channel is given at freeze-out. The benchmark models are the same as in Table 1 and Fig. 6 . All the constraints from the current collider and cosmic data are satisfied.
In Fig. 6 , we show the parameter space of dark matter mass m χ and coupling λ χ in the model with pseudo-scalar resonance where the condition for diphoton excesses is satisfied. Depending on the value of the gluon coupling c gg = 0.2(0.1) on left (right) plots, respectively, with the photon coupling c γγ being determined by the diphoton condition (26), we imposed the current bounds from mono-jet searches as well as the indirect detections.
In the former case with c gg = 0.2, the mono-jet bound is quite constraining below resonance, so only the region with small dark matter coupling near resonance survives, while the antiproton bound from PAMELA reaches closely to the region saturating the relic density and the bound from other cosmic data such as Fermi-LAT are not strong. In the latter case with c gg = 0.1, there is no mono-jet bound, but the bound from Fermi-LAT line search constrain most strongly the region with small dark matter masses below resonance, allowing only the small region near resonance. Therefore, the mono-jet and Fermi-LAT line searches are complementary to constraining the light dark matter. On the other hand, the region above resonance is not constrained in the region where the relic density is saturated.
In Table 4 , we show the averaged annihilation cross sections at present (except the one for the aa channel, which is given at freeze-out) and the relic density for dark matter with pseudo-scalar mediator in some benchmark models considered in Table 1 , satisfying the diphoton condition as well as the above current collider bounds. Model A (B and C) belongs to the left (right) plot in Fig. 6 . These models satisfy the current bounds from various indirect detection experiments discussed above.
Dark matter with real-scalar resonance
In this section, we consider the real-scalar resonance for the diphoton excess and discuss the interplay with indirect detection of dark matter and mono-jet searches, similarly to the case with pseudo-scalar case.
When the real scalar is light enough, it can contribute to the DM annihilation through s-channels and/or t-channels as shown in Fig. 7 . Taking vector-like fermions in loops to be sufficiently heavier than dark matter, we obtain the total annihilation cross section of dark matter in terms of effective interactions for real-scalar resonance by (σv rel ) s = i (σv rel ) s,i + (σv rel ) ss with partial annihilation cross sections into a pair of SM gauge bosons being given by (σv rel ) s,gg = 4λ Table 2 .
. (64) We note that all the gauge boson channels are p-wave suppressed.
For m χ > m s , dark matter can annihilate into a pair of real scalars. In the limit of non-relativistic dark matter, the corresponding annihilation cross section for the ss channel become
Thus, the ss channel turns out to be p-wave suppressed, but it can contribute to the thermal cross section at freeze-out.
In Fig. 8 , we show the parameter space of dark matter mass m χ and coupling λ χ in the model with real-scalar resonance where the condition for diphoton excesses is satisfied. Depending on whether the gluon or photon coupling is dominant, namely, d gg = 0.2(d γγ = 1.0) on left (right) plots, respectively, with the photon or gluon coupling (d γγ or d gg ) being determined by the diphoton condition (26), we imposed the current bounds from monojet searches. In the former case with a large gluon coupling, the mono-jet bound is still strong below resonance, as in the case with pseudo-scalar resonance. But, in the latter case with a large photon coupling and accordingly a small gluon coupling due to the diphoton condition, there is no bound from mono-jet searches. As the dark matter annihilation into a pair of the SM particles in the s-channels or into a pair of CP-even scalars are p-wave suppressed, there is no bound from indirect detection on these models.
In Table 5 , we show the averaged annihilation cross sections at freeze-out and the relic density for dark matter with real-scalar mediator in some benchmark models considered in Table 1 , having passed the diphoton condition as well as the above current collider bounds. Models A and B (C) belong to the left(right) plot in Fig. 8 . Table 5 : Averaged annihilation cross sections (in units of cm 3 /s) at freeze-out and relic density for dark matter with real-scalar. The benchmark models are the same as in Table 2 and Fig 8. All the constraints from the current collider and cosmic data are satisfied.
Dark matter with pseudo-and real-scalars
In this section, we consider alternative interpretations of the diphoton excess as the degenerate real-and pseudo-scalar resonances or the cascade decay of the real-scalar into a pair of pseudo-scalars, each of which decays into a pair of photons. In these cases, we incorporate the constraints from dark matter and collider searches in the model.
Dark matter annihilation
When both pseudo-scalar and real scalar are included in the effective field theory, either or both of them can produce the diphoton resonance and contribute to the annihilation of dark matter.
For m χ > (m a + m s )/2, the dark matter annihilation into as is open as shown in Fig. 9 and it gives rise to an additional annihilation cross section of dark matter, given by 
We can see that the as channel is s-wave so it is also relevant for indirect detection at present. In this case, the total annihilation cross section of dark matter is given by (σv rel ) tot = (σv rel ) a + (σv rel ) s + (σv rel ) as , where the first two contributions are given in the previous sections with a single scalar resonance.
First, when two singlet scalars are almost degenerate in mass, namely, m a ≈ m s ≈ 750 GeV, they both contribute to the diphoton excesses. In this case, the new as annihilation channel of dark matter is open only for a heavy dark matter with m χ 750 GeV.
On the other hand, when the pseudo-scalar or real-scalar is light enough, m a 0.4 GeV m s = 750 GeV or m s 0.4 GeV m a = 750 GeV, we can identify the real scalar or pseudo-scalar as the diphoton resonance and obtain the diphoton excess from the cascade decay of the real scalar (s → aa with a → γγ) in the former case or the direct decay of the pseudo-scalar (a → γγ) in the latter case. In these cases, the as annihilation channel of dark matter is open even for a relatively light dark matter with m χ 375 GeV. For our discussion, we focus on the former case when the pseudo-scalar is much lighter than the real-scalar, as it is natural for a small soft breaking of the U (1) global symmetry.
Indirect detection
As the pseudo-scalar is light, it mediates dark matter annihilations. In particular, dark matter annihilation channels, χχ → a → γγ, Zγ, are s-wave and they lead to monochromatic photons at E γ = m χ and
, respectively, as in the case with the pseudo-scalar resonance, so the model can be constrained by Ferm-LAT [25] and HESS [27] line searches. Table 3 .
Furthermore, annihilation channels of dark matter into W W, ZZ, gg in s-channels with pseudo-scalar or the annihilation channel, χχ → as with s → W W, ZZ, gg and/or a → gg lead to continuum photons from bremstrahlung or decay and they are constrained by Fermidiffuse gamma-ray searches from dwarf galaxies [26] . Moreover, dark matter annihilation into gluons can be constrained by anti-proton data from PAMELA and AMS-02 [28] . Since the pseudo-scalar has sub-GeV mass, the s-wave annihilation of weak-scale dark matter is not enhanced due to a resonance, but rather it gets smaller as dark matter increases. Furthermore, small effective couplings of scalars are allowed in the case of cascade decay. Therefore, the indirect bounds on the s-wave channels are weaker than the case with pseudo-scalar resonance. In this case, the p-wave annihilation of dark matter with realscalar resonance becomes important at freeze-out, determining the relic density.
In the presence of a light pseudo-scalar, there is an additional s-wave annihilation channel, χχ → as, is s-wave, and it leads to multi-photons due to the direct decay a → γγ or the cascade decay of the real scalar, s → aa, with a → γγ. The gamma-ray boxes could be constrained further by line-like features in Fermi-LAT and HESS, leading to more stringent bounds than Fermi-LAT diffuse gamma-ray searches or anti-proton searches, depending on the branching fractions of scalars.
We briefly discuss the gamma-ray energy obtained from χχ → as channel. The decay a → γγ produces two photons with identical energy in the rest frame of the pseudo-scalar, E * γ = m a /2. However, in the galactic frame, where the dark matter particles move nonrelativistically, the photon energy reads [29, 13] 
where γ a ≡ 1/ 1 − v 2 a , θ a is the angle between the direction of the pseudo-scalar and the direction of the photon and v a is the pseudo-scalar velocity, given by
Since the pseudo-scalar decays isotropically, the resulting energy spectrum presents a boxshaped structure with the photon energy ranging from E − to E + , where
. Then, the energy spectrum of two hard photons produced in the annihilation channel χχ → as [13] is
where Θ is the Heaviside function.
Furthermore, the cascade decay s → aa → 4γ with a large BR(a → γγ) leads to four additional photons, thus leading to potentially interesting signatures in gamma-ray searches, which will be published elsewhere. In this work, we focus on the box-shaped gamma-ray spectrum to get a conservative bound on the annihilation cross section for χχ → as. Table 6 : Averaged annihilation cross sections (in units of cm 3 /s) at present and relic density for dark matter with two scalars, except that those for aa, ss channels are given at freeze-out. The benchmark models are the same as in Table 3 and Fig. 10 . All the constraints from the current collider and cosmic data are satisfied.
In Fig. 10 , we show the parameter space of dark matter mass m χ and coupling λ χ in the model with m s = 750 GeV and m a = 0.4 GeV where the condition for diphoton excesses is satisfied. We have set c 2 = 0 for simplicity. Depending on the value of the gluon coupling c gg = 0.1(0.01) in the upper and lower panels, respectively, with the photon coupling c γγ being determined by the diphoton condition (26) , or the quartic coupling of the complex scalar, λ S = 0.1(1.0) on left and right in each panel, respectively, we imposed the current bounds from mono-jet searches as well as various indirect detections.
First, on the left plot in the upper panel with c γγ = λ S = 0.1 in Fig. 10 , the monojet bound excludes most of the region below resonance, while Fermi-LAT line and other indirect searches are not sensitive enough yet to constrain the region with saturated relic density. When the photon coupling gets smaller but the quartic coupling remains small as on the left plot in the lower panel with c γγ = 0.05 and λ S = 0.1, the Fermi-LAT line search does not constrain the region below resonance. The important difference from the case with pseudo-scalar resonance is that there appears a bound from the Fermi-LAT search for gamma-ray box, although it is not sensitive enough yet to the region with saturated relic density. Finally, when the quartic coupling gets larger to λ S = 1.0 as in the right plots with c γγ = 0.1 or 0.05, the diphoton excesses can be explained dominantly by the cascade decay of real-scalar. In these cases, either mono-jet or Fermi-LAT searches do not reach the region with saturated relic density, opening up more parameter space to be probed for in the LHC Run 2 and future gamma-ray searches such as Cherenkov Telescope Array [30] .
In Table 6 , we show the averaged annihilation cross sections for s-wave channels such as γγ, gg, Zγ, ZZ, as, at present, except those for aa, ss channels, which are taken at freezeout, and the relic density for dark matter with two scalar fields in some benchmark models considered in Table 3 . The diphoton condition as well as the above current collider bounds are satisfied for all the models in Table 6 . We have set the scalar masses to m s = 750 GeV and m a = 0.4 GeV and the effective gauge couplings to d i = Fig. 10 . These models satisfy the current bounds from various indirect detection experiments discussed above. As the aa, ss channels are p-wave suppressed and negligible at present, there is no bound on those channels from indirect detection. So, we show in the same table the annihilation cross sections for the aa, ss channels at freeze-out.
Conclusions
We have considered various possibilities of explaining the diphoton excesses observed at the LHC in terms of singlet scalar resonances with effective interactions to gluons and photon. In the case that the resonance decays directly into a photon pair, the region of the parameter space where there is an invisible decay of the resonance into a pair of dark matter particles is strongly constrained by the interplay between mono-jet and Fermi-LAT gamma-ray searches. When the diphoton excesses stem from the cascade decay of the real-scalar into a pair of pseudo-scalars, the effective couplings for SM gauge bosons can be smaller. In this case, the collider and indirect detection bounds are less strong, but the gamma-ray box coming from the cascade annihilation of dark matter into a pair of realscalar and pseudo-scalar could be a smoking-gun signal in gamma-ray searches. We have shown various benchmark models that are consistent with all the collider and astrophysical constraints and can be testable in the LHC Run 2 as well as future gamma-ray searches.
